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Spherulite is an important crystal form that appears in many organic and inorganic substances, especially macromolecular systems. Spherulitic growth has been observed in many proteins and polymer systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In fact, spherulitic growth had been observed in protein solutions as early as 1960 by Coleman, Allan, and Vallee.
1 Nevertheless, the cause for the formation of spherulites and the kinetics of their growth have been a standing issue over many decades. [2] [3] [4] [5] [6] [7] 12, 13 Concerning growth kinetics, the radial fibrous pattern formation and the growth of radial arms of spherulites have attracted the most attention.
2,4 -7, 13 Keith and Padden 4 and Goldenfeld 5 suggested that the growth of polymeric spherulites is controlled by constitutional supercooling, and that the fibrillation of spherulites is caused by the segregation of impurities at the boundary layer. This means that the growth of radial arms is essentially controlled by diffusion. Apart from this, it has been suggested 2, 4, 5, 7, 9 that the formation of spherulites in viscous polymer melts and devitrified glass occurs when crystallization is slow.
It is also worth noting that the growth rate of the spherulites in these systems has been measured on pure component systems ͑the melt͒, where the concentration of the crystallizing component remains constant. Under a constant concentration and isothermal condition, the analysis of the growth rate is relatively straightforward: 14 -16 if the growth is controlled by the surface kinetics, 15 a constant growth rate R(t)ϰt, where R(t) is the radius of a spherulite at time t, is generally expected, whereas if growth is controlled by volume diffusion, the growth rate is nonlinear having the form R(T)ϰt 1/2 . 14 -16 However, in the case of crystallization from solution, the concentration or supersaturation will inevitably drop during the course of crystallization. Therefore, it is difficult to draw a conclusion on the controlling mechanism by simply measuring the growth rate of the spherulite without the knowledge of the variation in the supersaturation. In this letter, we illustrate how the controlling growth mechanism is identified in a lysozyme solution under a specially identified condition, so that the above experimental problem can be easily overcome. In the second part of this work, we pay attention to the formation of spherulitic radial patterns.
In our experiments, lysozyme ͑six times recrystallized͒ purchased from Seikagaku Corporation was used. Lysozyme and NaCl solutions were prepared separately. Lysozyme was dissolved in deionized water ͑18.2 M⍀͒ and the solution was filtered through a 0.22 m filter before use. Sodium chloride solution was prepared by dissolving the sodium chloride ͑analytical grade, Sigma-Aldrich͒ in deionized water and was subsequently passed through a 0.22 m filter before use. The pH of each solution was adjusted separately to pH 4.50Ϯ0.05 with 0.1 N HCl. The separately prepared lysozyme and NaCl solutions were allowed to equilibrate to the experimental temperatures of 35 or 22°C in a thermostatic water bath prior to mixing. Upon mixing, a drop of the completely mixed solution ͑approximately 0.1 l͒ was placed in between two layers of immiscible oils contained in a glass crucible ͑see Fig. 1͒ . The bottom layer oil was silicone, which has a larger density than water ( ϭ1.075 g cm Ϫ3 ), whereas the top layer was paraffin oil, which has a smaller density than water ( ϭ0.818-0.875 g cm Ϫ3 ). The crucible was then covered with a glass cover slip. This double-oil layer method was chosen in order to prevent evaporation of water and to eliminate any wall effects on the growth process. 17 The crucible ͑Linkam Scientific Instrument, model No. THMS/Q͒ was placed in a a͒ Author to whom correspondence should be addressed; electronic mail: phyliuxy@nus.edu.sg Linkam THMS600 heating and freezing stage ͑temperature can be controlled within 0.1°C for the range of Ϫ192-600°C͒. Crystal growth was observed using an Olympus BX50 polarized microscope. The images from the microscope were converted to digital images through a JVC KY-F55B 3-CCD color video camera, and captured and processed with image analysis software. Real-time images were acquired at regular time intervals during the crystal growth processes.
In this work, we present two different sets of experiments. The first set was performed at 35°C with 9.1 wt % lysozyme and 5.7 wt % NaCl. This combination of concentrations is within the region where spherulites appear as shown in Ref. 10 . The second set was carried out at 22°C with 4.0 wt % lysozyme and 5.0 wt % NaCl. The second set was intentionally contaminated with dust by not filtering the solutions. At this prevailing condition, regular tetragonal crystals are expected. 10, 11 To examine the spherulitic growth of lysozyme crystals from aqueous solution, the major challenge is posed by the decrease in the concentration of lysozyme in the solution as the lysozyme crystals grow. In the following study, we will take advantage of the liquid-liquid separation to buffer the concentration change during crystallization. The concentration buffering effect in the liquid-liquid separation regime is illustrated in the simplified phase diagram shown in Fig. 2 . At constant temperature, a decrease in the overall concentration ͑C͒ leads to a change in the relative amount of the protein-rich and protein-poor phases but not the protein concentrations of the individual phases ͑C1 and C2͒.
A series of images acquired for the first set of experiments performed at 35°C with 9.1 wt % lysozyme and 5.7 wt % NaCl. After 38 min., protein-rich droplets started to separate out from the solution, which corresponded to the onset of liquid-liquid phase separation. Spherulites appeared shortly after the liquid-liquid separation had taken place. This observation is in agreement with that presented by other researchers:
10,11 the formation of spherulites is preceded by liquid-liquid separation. The diameter of the spherulite was measured as a function of time and the results are shown in Fig. 3 .
As discussed earlier in this letter, the observation of the change of the size of the spherulites with time, while failing to maintain a constant concentration, leads to inconclusive results on the controlling mechanism of spherulitic growth from a normal solution system. However, the phase separation occurring here has provided us with a convenient way to maintain a constant concentration during growth. As the spherulites grew, the concentration of each phase remained constant but the relative amount of the higher concentration droplets decreased with time as lysozyme in this phase was consumed by the crystal growth. This is indeed confirmed after a careful examination of tiny droplets containing a high lysozyme concentration gradually decreased in size and in number as the spherulites grew larger. Since the concentration and temperature remained constant, we can safely examine the correlation between the radius of the spherulites R(t) and the lapsed time t. As shown in Fig. 3, R(t) is linearly proportional to t. Based on this result, we can conclude that the spherulitic growth of lysozyme is controlled by the incorporation of lysozyme molecules to the surface of the spherulite, in other words, the surface integration kinetics. 18, 19 Investigations on several types of proteins ͑in-sulin, canavalin, and lysozyme͒ performed by other researchers 20, 21 have also suggested that the growth of such proteins is limited by kinetics rather than by volume transport.
The second set of experiments was performed at the much lower temperature of 22°C and the concentrations of lysozyme and NaCl were 4 and 5 wt %, respectively. Foreign particles were intentionally introduced by not filtering the solutions, as a consequence of which many ''big'' dust particles remained in the solution. Figure 4 shows the acquired images. Tiny tetragonal crystals appeared within half an hour. As the tetragonal crystals grew larger in size, needleshaped crystals initiating from a ''common center'' ͑dust particle͒ appeared and grew longer and thicker ͓see Figs. 4͑b͒ and 4͑c͔͒ and started to acquire the radial pattern of the ''spherulitic species.'' In Fig. 4͑d͒ , a spherulitic structure consisting of long crystalline needles can be clearly seen. On the other hand, a control experiment was performed at the same temperature and concentration, except that the solutions were filtered carefully to remove any foreign particles of size greater than 0.22 m. Only discrete tetragonal crystals were observed in the control experiment. Therefore, it can be concluded that spherulitic growth not only occurred in the phase separation regime but also in the presence of nucleating agents.
It is postulated that spherulitic growth is initiated from a ''core.'' This core would serve as a substrate for the heterogeneous nucleation of the radial needle ''arms.'' In this sense, heterogeneous nucleation [22] [23] [24] [25] is the underlying mechanism controlling the formation of the spherulitic radial pattern. The experimental evidence clearly suggests that both droplets resulting from liquid-liquid separation and foreign particles can act as such cores/substrates. When these cores are removed by filtration, heterogeneous nucleation, and hence the formation of spherulites, is suppressed.
In summary, we have studied the time evolution of the spherulitic growth of lysozyme crystals by means of video microscopy with crossed polarizers. It has been shown that both liquid-liquid phase separation and the presence of heterogeneous nuclei promote spherulitic growth. Both liquid droplets, separated out during liquid-liquid separation, and foreign particles can act as cores for the formation of a spherulitic pattern. In addition, the controlling mechanism of spherulitic growth in the phase separation regime has been identified to be surface integration kinetics. FIG. 4 . Time evolution of crystals grown at 22°C, 4 wt % lysozyme and 5 wt % NaCl. ͑a͒ After 38 min, tiny tetragonal crystals appeared. ͑b͒ After 1 h and 45 min, tetragonal crystals grew bigger and needles started to appear. ͑c͒ After 4 h and 30 min, tetragonal crystals continued to increase in size and the needles grew thicker and longer. ͑d͒ Image taken on the next morning at another location within the drop. A spherulitic structure consisting of long needles can be clearly seen.
